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I. INTRODUCTION
LAYERED composites with built-in functionalities are attractive materials for many industrial applications because they offer an optimum balance between manufacturing and service costs, and the durability to perform under their conditions of use. For example, bi-and multi-layer materials composed of reactive metals are used in power, [1] chemical, [2, 3] and shipbuilding [4] [5] [6] [7] industries, where corrosive wear of equipment is a significant problem. Many material issues related to the use of hydrogen as a fuel can also be solved by the use of layer composites based on reactive metals. [8] For clads used in electro-technical applications, the proper combination of low resistivity and high strength is needed. Copper-titanium (Cu/Ti) composites are one of the industrially relevant two-layered materials used in this field. Since Cu/Ti has excellent conductivity (even in corrosive environments), it is widely used as busbars to supply current in galvanizing lines or as anodes in various electrolysis processes. [9, 10] A variety of methods have been used for the effective joining of Cu and Ti. [11] [12] [13] [14] [15] [16] [17] [18] However, only explosive welding (EXW) has the potential to produce large, full-sized plated coatings of varying thickness [19] at a reasonable price.
EXW is a solid-state processing technique that uses controlled explosive energy to bond two or more dissimilar metals. However, due to its sudden and rapid reaction, it is difficult to predict the structural transformations occurring near the interface and their impact on clad properties. For EXW sheets, the process is based on their collision at high velocities caused by the controlled detonation of an explosive charge. [20, 21] The distance between the sheets allows acceleration of the flyer plate, the flyer plate bending, and oblique collision with the base plate ( Figure 1 ). The flyer plate movement initiates the formation of a jet of heated gases that removes oxides from the joint area. The oblique collision combined with fast heating and local melting under very high pressure followed by rapid cooling leads to extensive microstructure changes in the areas near the EXW plate joints. Such conditions lead to interface waviness and determine the strength of the clad. Also, the very short heat impulse times and good thermal conductivity of metals provoke very high cooling rates. [22] Therefore, during solidification, the melt metals exhibit a strong tendency to form brittle crystalline, [23] quasi-crystalline, [22] nano-grained, or amorphous phases. [22, [24] [25] [26] Simultaneously, the interfacial layers of bonded metals undergo severe plastic deformation forming nano-grained structures. [22] [23] [24] [25] [26] [27] It was found that wavy interfaces with a limited quantity of melt zones produce better mechanical properties in contrast to flat melt bonds. [20] However, too much waviness [28, 29] and too many melt zones which form a semi-continuous interlayer can exert a detrimental effect on the performance of the bimetal.
The experimental data, which link the bonding parameters to the interface waviness in various cladding systems, have been presented in earlier works. These efforts, reviewed by Mendes et al., [30] discuss the number of explosive charges, [19] collision angles, [31, 32] thickness ratios between the flyer and base plates, [33, 34] and loss of kinetic energy. [21, 35] However, questions still remain regarding the explosive welding process, viz., the precise calculation of the boundaries of the so-called bonding window, [20] the effect of the liquid phase on bond formation, the cause of softening in strain-hardened layers of the parent plates, [23, 24, 36] and the evolution of the phase structure in the solidified melt zones during heating. [27, 37] The mechanism of wave formation at the interface of the EXW plates and sheets remains another poorly understood topic. [36] The increase of waviness with stand-off distance on Cu and stainless steel clads was reported by Durgutlu et al. [38] and on Ti and stainless steel clads by Kahraman et al. [39] but without a quantitative description of these effects. The main finding was that increasing the stand-off distance between plates changed the bonding interface from a relatively smooth to a wavy shape. A similar correlation between detonation velocity and interface waviness was found by Mousavi and Sartanagi [40] in cp-Ti/ASI 304 stainless steel. Kahraman and Gulenc showed a direct correlation between the amount of explosive material and the interface waviness for Ti/Cu clads. [19] The amount of explosive material influences the loss of energy during the explosion, which in turn is proportional to the impact velocity and mass per unit area of the colliding plate. [41] The latter aspect was also analyzed by Manikandan et al. [35] who showed a direct correlation between waviness and the loss of kinetic energy in Ti/stainless steel clads.
However, to the best of the authors' knowledge, no reports have been published on the relationship between EXW parameters and electrical resistivity. This issue becomes challenging to analyze due to the factors that influence electrical resistivity. Nevertheless, some guidelines can be proposed by investigating the type of bonding interface produced as the stand-off distance and detonation velocities are varied while maintaining the necessary mechanical properties. The question then becomes whether these clads will still show the desired electrical conductivity. Despite extensive research efforts over the past several years, only a few publications have investigated the Cu-Ti explosive cladding interface. Among these studies, those based on detailed transmission electron microscopy (TEM) analyses are scarce. [42, 43] Therefore, the purpose of the present work is to define the effect of detonation velocity and stand-off distance on the microstructural changes close to the interface and then correlate these changes with electro-mechanical properties of the clad. The analysis was done using TEM and scanning electron microscopy (SEM), high-energy synchrotron radiation tests, mechanical testing, and electrical resistivity measurements. The welding conditions were chosen through parallel geometry with various stand-off distances and intensity of explosive loads.
II. EXPERIMENTAL

A. Materials and the Explosive Welding Process
To produce Cu/Ti clads, deoxidized high phosphorus (DHP) Cu and Ti (Gr.1) were used as the base plate and the flyer plate, respectively. The initial state of the plates was characterized as a uniform, fully recrystallized microstructure. Both sections perpendicular to the rolling plane showed nearly equiaxed grains ( Figure 2 ). The average grain size was determined to be~85 lm for Ti and~55 lm for Cu. The EXW process was performed by High Energy Technologies Works 'Explomet' (Opole, Poland). A parallel arrangement of the plates with dimensions of 200 mm (width) 9 350 mm (length) 9 3 mm (thickness) was used for clad manufacturing. The stand-off distance (h o ) between the plates was set between 1.5 and 9.0 mm at 1.5 mm intervals. The contact surfaces of the joined plates were ground, cleaned of solid particles, and degreased. An explosive charge from Ammonium Nitrate Fuel Oil (ANFO) group was placed on the flyer plate with a detonator located in the middle of its shorter edge. For this configuration, the rolling direction (RD) was aligned parallel to the explosive welding direction (ED) in the middle section of the sheets (Figure 1(e) ). The welding process was carried out with explosive charges having different quantities of sensitizing agents that led to different detonation velocities, V D (2000, 2500, and 3000 m s À1 ). However, the mass of the explosive charge was the same for each sample. The detonation velocity was measured using an Explomet-Fo-2000 (Kontinitro). This device is described in detail by Tete et al. [44] B. Microstructure and Phase Analyses Samples for microscopic observation and mechanical testing were cut from the central region of the clad, with the RD aligned parallel to the direction of the propagation of the explosion wave ( Figure 1 ). These samples were prepared by grinding with abrasive papers and then polishing with diamond pastes. The final step in the preparation procedure was polishing using a vibratory polisher (Buehler, Vibromet 2). Analysis of the interface morphology was carried out employing high-resolution SEM (FEI Quanta 3D), equipped with a field emission gun (FEG) and an energy-dispersive X-ray spectrometer (EDX). The parameters describing waviness of the interface and the total area of the melt zones were determined in the ND/ED (where ND is normal direction) plane with the use of a backscattered electron (BSE) detector in the SEM and ImageJ software. Measurements were performed on 10-mm-long samples. For each case, the average wave height, average wavelength, melt depth equivalent factor (RGP), and the ratio of the length of the interface between the melt zone and parent metals to total length of the interface were calculated (BLF factor). The RGP factor was derived from the following formula, RGP = S/L, where S is the sum of the melt zone areas and L is the length of the joint line. The BLF factor was calculated using this formula, BLF = B/L, where B is the sum of the length of the interface between the zones of solidified melt and parent metals. [45] SEM analyses were supplemented by TEM observations. The thin foils were obtained from the central parts of the clad. They were cut perpendicularly to the transverse direction (TD) of the bonded sheets using an FEI Quanta 3D 200 Focused Ion Beam system. Thus, the ND and ED directions were parallel to the thin foil edges. The microstructure observations were carried out using an FEI Technai Super TWIN G2 FEG (200 kV) microscope equipped with an EDAX energy-dispersive X-ray (EDX) microanalysis system. Phase analysis near the interfaces was performed using high-resolution X-ray diffraction (XRD) spectroscopy with synchrotron radiation using an HZG beamline (P07B) located at PETRA III (electro storage ring operating at energy 6 GeV with a beam current of 100 mA) at DESY, Hamburg, Germany. For more details on the measurement procedure, see Reference 46.
C. Mechanical Testing and Electrical Resistance Measurements
Microhardness measurements, tensile-shear, and Charpy tests were performed to characterize the mechanical properties of the clad. All samples were cut from the central part of the clads, as shown in Figure 1 (e). Vickers microhardness measurements were performed on the polished longitudinal sections with the use of a LECO MHT Series 200 microhardness tester and a load of 50 G (or 100 G inside the melt zones) and a dwell time of 15 seconds. Tensile-shear tests were performed according to the ASTM D 3165-95 standard. Specimens with a size of 50 9 10 9 6 mm 3 (Figure 3 (a)) were cut from the joined sheets with the shear (tensile) direction parallel to the detonation direction. Five samples were tested for each bonding parameter. The results of tensile-shear tests are presented in diagrams showing the change in tensile strength (R m = F m /A o , where F m is the maximal force, A o is the initial cross-section area) as a function of the stand-off distance for a given detonation velocity. Charpy tests were performed on specimens without a v-notch by using the Charpy hammer. Samples with a size of 55 9 10 9 6 mm 3 were cut along the ED from the clads with the lowest and the highest quantity of solidified melt zones. The samples were then impact-tested on both the Ti and Cu sides. Both sample geometries, i.e., for the tensile-shear and the Charpy tests, are presented in Figure 3 (b).
Electrical resistivity measurements were collected at room temperature on non-annealed samples, i.e., just after EXW. In this case, the approach used was a traditional four-point contact method. This method eliminates the effects of contact resistance between the sample and electrical contacts. Finally, using the formula
Ti ðvol fractionÞ Â q Ti þ Cu ðvol fractionÞ Â q Cu À Á , the relative resistivity of the clad was calculated, where Ti (vol. fraction) and Cu (vol fraction) are the volume fractions of the Ti and Cu layers in the clad, respectively, and q is the electrical resistivity. The standard deviation was estimated using ten measurements on each sample. A coverage factor of two was applied to get an interval with 95 pct confidence. A similar procedure was applied in Reference 47 for resistivity evaluation of the copper-clad-aluminum composites prepared using a restacking drawing method.
III. RESULTS
A. Wave Morphology: Interface Overview
SEM examination of the Ti/Cu joints confirmed their quality. No fractures nor discontinuities were observed in the parent materials near the interfaces. Some cracks inside the melt zones appeared accidentally. The interfaces showed a characteristic sharp transition indicating that there was no mechanical mixing between the welded metals in the solid state. The effect of stand-off distance and detonation velocity on the structural changes at the weld interfaces are illustrated in Figure 4 The interfaces for all tested samples showed a wavy character. The wave amplitude and wave period increased with increasing detonation velocity and stand-of distance. This observation is consistent with the work reported by Livne and Munitz [48] on Fe and Cu plates, Durgutlu et al. [38] on Cu-stainless steel clads, and Kahraman et al. [39] on Ti-stainless steel clads. These works showed that increasing stand-off distance between both plates changes the bonding interface from a relatively smooth to a wavy shape. A similar correlation between detonation velocity and interface waviness was found by Mousavi and Sartanagi [40] in cp-Ti/ASI 304 stainless steel clads.
However, our experimental data provide a more systematic analysis. Our results show that for a detonation velocity of 2500 m s À1 , the average amplitude increases from 23.9 to 261.3 mm, whereas the average wave period (length) increases from 128.0 to 738.4 mm at stand-off distances of 1.5 and 9.0 mm, respectively. For the 1.5 mm stand-off distance, the wave amplitude increases from 13.2 and 91.4 mm up to 65.9 and 267.0 mm for detonation velocity of 2000 and 3000 m s À1 , respectively. For a detonation velocity of 3000 mm s À1 , the wave parameters significantly increased for stand-off distances lower than 6.0 mm. Larger values did not significantly affect the amplitude and period of the wave. An interesting observation was made for the stand-off distance of 9 mm, where the wave amplitude and length were lower at 3000 m s À1 , (amplitude = 239 lm, length = 627 lm) than for 2500 m s À1 , (261 lm, 738 lm).
The wave formation coincides with the occurrence of solidified melt zones, which were observed (with various intensity) in all clads. The large zones of solidified melt were preferentially located near the front slope of the waves or within the vortexes of the waves. As expected, the RGP factor increased as the detonation velocity increased, but for some detonation velocities not always in a monotonic way. The highest RGP value of 18.2 lm 2 lm À1 was obtained for a stand-off distance of 9.0 mm and detonation velocity of 3000 m s À1 , whereas the lowest of 0.11 lm 2 lm À1 for 1.5 mm and 2000 m s À1 (Figure 5(c) ).
B. Large Melt Zone Formation
The solidified melt zones were preferentially formed within wave vortexes and to a lesser degree at the wave crest or as inclusions inside the Cu plate. This general observation is typical and was found for other explosively welded metal compositions. [23] [24] [25] [26] 37, 49] The internal microstructure of the solidified melt zones is composed of a mixture of the amorphous areas, small equiaxed grains (the diameter of these grains ranged from 0.1 to 1.0 lm), and small columnar grains ( Figure 5 ). The majority of grains resemble small dendrites with clearly developed cores and arms. In some cases, the complex force interaction during clad formation locally pushed the solid material into the liquid or semi-liquid material. As a result, the parent material (Cu or Ti) occasionally was enclosed inside the solidified melt ( Figure 6 ).
Two types of large solidified melt zones were observed inside the wave vortexes. The first is situated inside the vortex, formed in the Cu plate, but still partly adjacent to Ti. The other is entirely surrounded by Cu, without (Figures 8(c) and (d) ), which confirm intense stirring in the liquid and semi-liquid state(s). The point (Table I) and line (Figure 8(e) ) chemical composition analyses took across the melt zone for the clad prepared at the highest bonding parameters, i.e. 3000 m s À1 and 9 mm (highest RGP value of 18.2 lm 2 lm À1 ) reveal different phases with various chemical compositions. Although most of them do not appear in the Cu-Ti phase diagram, they are distinguishable and correspond to some equilibrium phases, like Cu 4 Ti, Cu 2 Ti, CuTi, or CuTi 2 (Figure 8(e) ).
The internal microstructure and chemical composition of the melt zones formed at lower bonding parameters are similar to the highest ones, despite the difference in wave morphology, size, and shape of the melt zones and the intensity of their formation. SEM/ EDX point and line scans show that besides the four phases observed in Figure 8 , some areas correspond to the Cu 3 Ti 2 and Cu 4 Ti 3 equilibrium phases. For all detonation velocities and stand-off distances, the areas of different chemical composition are randomly distributed within the solidified melt zones, but in some places, they reveal a specific swirl-like distribution of elements.
Diffraction experiments in transmission geometry using synchrotron radiation were performed to identify intermetallic phases occurring in the melt zones. Although the conditions during EXW are far from equilibrium, at a first approximation, the obtained results were referred to those observed in equilibrium phase diagrams. Figure 9 shows a diffraction pattern from the clad intermediate layer containing the largest quantity of solidified melt zones (RGP equals 18.2 lm 2 lm À1 . The diagram reveals reflections from Ti and Cu. However, a closer look shows reflections from phases based on compounds in the two-component equilibrium phase diagram (CuTi 3 , Cu 3 Ti, and Cu 4 Ti 3 ; see inset in Figure 8 ). Employing the Rietveld refinement, a very small amount of intermetallic phases with a volume fraction ranging between 0.2 and 0.5 pct (0.5 9 0.5 9 4 mm 3 ) was calculated. Such a low volume fraction of intermetallic phases is quite surprising and suggests that most of the area investigated by EDX is a mixture of pure Ti and Cu. Figure 7 (b) shows that a thin layer is formed as a result of the drag effect of molten or semi-molten material within the melt zones. However, a thin reaction layer can also be built on the flat parts of the interface, without any direct contact with the large melt zones. These findings are consistent with the hydrodynamic approach for EXW, which assumes that under specific modes of the impact, the material behaves like a fluid. [40, 50] These areas are indicated by white arrows in Figure 10 (a). Such a thin layer can be overlooked with optical microscopy or even low-magnification SEM. However, using TEM, the presence of a continuous layer with a thickness ranging from 50 to 200 nm is indisputably proved (Figure 10(b) ). This layer is composed of a solidified liquid and/or nanograins (Figures 11(a) through (c) ). The TEM/EDX chemical composition maps show a small variation of both main element distributions in the melt zone. The only trend is increasing Cu or Ti content near the parent plates (Figures 11(d) and (e)). These subtle chemical composition changes are more evident in Figure 12 (a), where across the solidified melt layer TEM/EDX line scan marked in Figure 11 (a) by dotted arrows) an increased content of Cu and Ti near the Cu and Ti plates is detected, respectively. The point analyses show that the chemical composition of the solidified melt near the interface between the Cu and melt layer is given by Cu 0.67 Ti 0.33 , whereas on the other side of the melt layer by Cu 0.46 Ti 0.53 (see Table II ), and in the area between persists a rather stable Cu (0.45-0.51) Ti (0.49-0.55) composition (Figure 12(b) and Table II ).
C. Thin Melt Zone Formation
D. Clad Properties
Mechanical testing
The results of the tensile-shear tests show that the strength of the interface is higher than that of the copper plate (fracture took place within the copper plate). The shear strength (Rm) reaches values between 185 and 205 MPa ( Figure 13 ) and increases slightly with increasing stand-off distance and detonation velocity. This result can be attributed to strain hardening and grain refinement of the Cu and Ti sheets in layers near the interface. A similar effect was observed by Kahraman and Gulenc [19] on clads without solidified melt zones at the interface. Since the tensile-shear strength of the joint is higher than the strength of Cu, these results satisfy the criteria for a 'good quality joint,' where the strength of the joint is higher than the weaker component (Figures 13(a) and (b) ). This means that the applied detonation velocities and stand-off distances allowed to produce good quality Ti/Cu clads, and the presence of significantly different quantities of solidified melt zones does not affect the bond strength. A similar tendency was obtained by Livne and Munitz [48] for Cu/carbon steel clads and by Durgutlu et al. [38, 51] for Cu/stainless steel tested according to the same ASTM D 3165-95 standard.
Our next step was dynamic loading on a Charpy hammer using specimens without a v-notch. The samples with the lowest and highest values of the RGP factor (0.11 and 18.2 lm 2 lm À1 ) were deformed. Using a lateral view, no cracks nor delamination were detected for samples manufactured at a detonation velocity of 2000 m s À1 and a stand-off distance of 1.5 (RGP factor equals 0.11 mm) (Figure 14(a) ), whereas in the sample showing the coexistence of the structural elements of different morphologies, i.e., amorphous areas, fine equiaxed and columnar grains, small dendrites, and fragments of Ti plate closed inside the melt zone. EXW welding at detonation velocity of 3000 m s À1 and stand-off distance of 9 mm (RGP = 18.2 lm 2 lm À1 ). manufactured at 3000 m s À1 and 9.0 mm (RGP factor equals 18.2 mm), a small delamination ( Figure 14(b) ) is observed. However, these small interfacial discontinuities do not show a tendency to propagate towards the parent sheets. The force-displacement characteristics reveal small differences depending on the convex side (Cu or Ti). The bending displacement was higher, and the value of the maximal force lower if the samples were loaded from the Ti side compared with the Cu side (Figures 14(c) through (f)). This behavior is directly related to the mechanical properties (under compressive or tensile stresses) of Cu and Ti.
The distribution of microhardness along the ND in the ND/ED section was recorded (Figures 15(a) and (b)) to show the strain-hardened layers. Three measurements for a given distance from the interface were taken so that the average value could be calculated. Additionally, two qualitatively different regions in areas near the interface were analyzed, i.e., the interface with and without a broad zone in the solidified melt. The microhardness of the initial Cu and Ti sheets was 85(± 5) HV 0.05 and 149(± 6) HV 0.05 , respectively. Throughout the entire thickness of the sample, the microhardness for the state ''after welding'' is higher than that in the original materials. In the Cu layer close to the interface, an increase up to 161 HV is observed, whereas near the free surface~100 HV is reached. In the Ti plate, the microhardness values are equal to~273 HV in the layers near the interface and 200 HV near the explosive charge. The maximum value of microhardness (273 HV for Ti and 161 HV for Cu sheets) was observed near the pure metal-pure metal interface by examining optical microscopy images. Far from the interface, both types of line scans show similar trends.
These results lead to the conclusion that the same stand-off distance with increasing detonation velocity increases the microhardness of joined plates. The increase of microhardness in the layers near the interface can be directly correlated with a substantial strain hardening and grain refinement caused by the highspeed collision of sheets. Consequently, the plastically deformed layer was significantly broader in the Ti plate than in the Cu plate, where plastic deformation occurs only in the wave regions. One possible explanation is that Cu is considerably softer than Ti, and the whole plastic deformation accumulates in a smaller volume, i.e., the vortex regions. However, inducing intense recovery and recrystallization can decrease the microhardness in layers situated directly at the large melt zones, since the stored energy is the driving force for recrystallization. [25] This, in turn, leads to material softening. The drop in microhardness in layers of the parent plates near the solidified melt zones was clearly observed in Cu/Al, [23] Zr/carbon steel, [24] Ta/stainless steel, [25] and Ti/carbon or stainless steel [52] clad. This tendency was correlated with the recovery and recrystallization processes of severely deformed structures. [53] In the case of interfaces without macroscopically visible melt zones, a continuous increase in the microhardness is always observed.
The microhardness inside the solidified melt inclusions of a large dimension reaches a maximum value of 670 HV. This is 2 to 2.5 times higher than those observed in strongly refined (and strain-hardened) layers of Ti and 4 to 5 times higher than for the Cu plate. However, a strong scattering of microhardness values ranging between 132 and 670 HV was also observed. The lowest values are connected with the presence of Cu within the melt zones.
Bonding parameters vs electrical resistivity
Electrical resistivity measurements were correlated with the microstructure near the interface. Based on measured values of the resistivity of joined metals (q Ti = 40 9 10 À8 and q Cu = 1.8 9 10 À8 Xm), the relative resistivity was estimated for clads manufactured using various EXW parameters. The results are represented in Figure 16 (a) and display the relative resistivity of the clads as a function of stand-off distance and detonation velocity. For clads prepared at a given detonation velocity, a near-linear increase in relative resistivity with stand-off distance is seen; the higher the detonation velocity, the stronger the increase in relative resistivity. Thus, the RGP (the ''quantity'' of melt zones) and BLF (the length of interfaces between melt zones and parent metals) parameters describe quite well the structural changes near the interface, showing a linear dependence on the relative resistivity (Figures 16(b) and (c)).
IV. DISCUSSION
The Ti/Cu clads manufactured at stand-off distances from 1.5 to 9.0 mm and detonation velocities ranging between 2000 and 3000 m s À1 fulfill the strength properties necessary for a good quality clad. However, using these bonding parameters, their resistivity varies significantly. In the first approximation, this variation can be related to microstructural changes in the layers near the interface, i.e., formation of (i) waves of different amplitude and period; (ii) melt zones of varying intensity, structures, and chemical compositions; and (iii) severely deformed layers in the parent plates. Some aspects of the above features will be analyzed for their influence on electrical resistivity.
A. Interface Waviness
The formation of waves at the interface is one of the most essential phenomena accompanying EXW. [20, 22, 50] However, a complete description of the wave formation process, and in particular, the appearance of the first protrusion, is still difficult to accomplish. Earlier work [19, 35, [38] [39] [40] [41] notes that the interface is quite smooth if a small amount of energy is released in the explosion*, but the wave amplitude and period rise with the amount of released energy. However, our experimental data provide a more systematic analysis concerning the morphology of the interface. The microstructural observations evidence that strong waviness leads to an increase in the area of bonding interface, and it is inherent with a rise in the volume fraction of melt zones. Both factors can be correlated with an increase in the resistivity of the clad. Assuming a stand-off distance equal to zero allows us to extrapolate the relative clad resistivity for this hypothetical situation. The values obtained were~2.8 times higher than the average relative resistivity of both materials, independent of the applied detonation velocity. When using these hypothetical conditions, turbulent flow is excluded, and clad formation with a flat interface (amplitude equal to zero) and no melt zones (RPG and BLF coefficients equal to zero) is expected.
However, the relationship between the explosive charge amount and interface waviness is more complicated, as discussed above. The results obtained by Mendes et al. [30] on stainless steel and carbon steel EXW in a cylindrical configuration lead to the conclusion that variation of the wave amplitude and period are more a function of the explosive material type than impact velocity or collision angle.
B. Solidified Melt Zones Formation
A feature typical for EXW metals is the formation of a liquid phase at the interface. The effect of this phenomenon on the mechanical properties of the clad is ambiguous. On the one hand, an increase in strength is expected due to the formation of intermetallic phases (high hardness). On the other hand, crack formation within the zones of solidified melt has a detrimental effect on the mechanical properties of the clad. The present work documents that the volume fraction of Fig. 9 -X-ray synchrotron diffraction pattern for the Ti/Cu clad taken from the area, including the interface and both plates (0.5 9 0.5 9 10 mm 3 ). Clad manufactures at detonation velocity of 3000 m s À1 and a stand-off distance of 9.0 mm. Results correspond to melt zones presented in Fig. 8(b) .
*The explosive material amount influences the loss of energy during the explosion, which is a function of impact velocity and colliding plate mass, and therefore, influences the waviness of the interface and quantity of melt zones in areas near the interface.
large solidified melt zones increases as the detonation velocity and/or stand-off distance increases (see Figure 5 (c)). As a consequence, all related features such as fine grain, inhomogeneous distribution of the structure elements, the formation of intermetallic compounds or pores/cracks due to shrinkage of melt zones during solidification cause a reduction of clad conductivity. It was shown that the melt zones were observed on both sides of the wave crest, not only in the form of large zones but also as a thin film along the entire interface. This leads to double interface formation. The present results prove that a proper EXW always incorporates the melting of the thin layer between the joined materials. This is contrary to some of the previous reports, where the interface with no observed melt layers using optical microscopy or SEM was usually defined as a pure metal/pure metal type and the mechanism responsible for its bonding was ascribed to adhesion of both plates. [20] However, TEM reveals a thin reaction layer along the entire interface, which confirms the role of melting in creation of a ''good quality'' bond, and the validity of the hydrodynamic approach for joint formation during EXW. [50] The concept that bonding is always achieved by short-time melting, followed by extremely rapid solidification of a thin layer along the contact interface is not new (Hammerschmidt and Kreye) . [54] The presence of a thin layer (composed of an amorphous and/or nanograined phase) was also documented experimentally in Zr700-carbon steel, [24] Ta-stainless steel, [25] and low carbon steel-low carbon steel clads. [36] This also indicates that the single interfaces of pure metal/pure metal, as observed by optical microscopy, are in fact double interfaces of the pure metal/melt zone/ pure metal structure. Such a situation was also analyzed by Nakamura and Kikuchi [55] who showed that the resistivity of the specimens increases by increasing the number of interfaces.
The above correlation between EXW parameters, interface waviness, and the number of melt zones appears consistent with that observed in multi-layered clads, where the strong waviness of the first interface changes smoothly to a flat-type in the next layers. [56] At the first interface, which is joined at the highest impact velocity and collision angle, the solidified melt zones are situated inside the wave vortexes and to a minor extent on the wave crests, whereas at successive interfaces, the melt zones take the form of a thin semi-continuous layer. This suggests that in multi-layered clads, the impact velocity rapidly decreases across consecutive layers. This also leads to an electrical conductivity gradient.
The influence of chemical composition on clad resistivity is ambiguous. It has been established that Ti addition increases (at room temperature) the electrical resistivity of the Cu alloy (compared with pure Cu)). [57, 58] However, the observed drop in resistivity cannot only be assigned to the existence of melt zones with different chemical compositions since their volume fraction is relatively low (only a few percent). Therefore, the essential loss of electrical conductivity is caused by an enlargement of the contacting surface, new interfaces, strain hardening of parent plates, and the network of macro-and micro-cracks inside the melt zones.
C. Formation of Severely Deformed Layers in Areas Near the Interface
The influence of the density of defects in the crystal structure on the strength and electrical conductivity seems to be rather complex to analyze. On the one Fig. 10(a) ). The clad manufactured at a detonation velocity of 2500 m s À1 and a stand-off distance of 9 mm. The thin foil cut off from ND/RD section. Results correspond to line scans marked in Fig. 11(a) .
hand, the strain hardening of adjacent interface layers is considered to increase the strength properties of the clad but it decreases its electrical conductivity. [59] This is because in the bonded state, these effects are caused by an increase of lattice defects, such as dislocations, vacancies, and/or grain boundaries, as discussed earlier for deformed Cu [47] and Ti. [60] For example, in copper/ stainless steel clads, [19] an increase in the microhardness near the interface and free surfaces is observed due to cold plastic deformation. Microhardness (strain hardening) increases in the lower part of the base plate due to collisions with the anvil, whereas the microhardness increase in the upper part of the flyer plate is due to the sudden shock of the explosive charge detonation. On the other hand, the recovery and recrystallization processes initiated during EXW can decrease the density of the structural defects in layers near the interface due to heat transfer from large melt zones towards strain-hardened layers. [23] [24] [25] 52] This, in turn, leads to an increase in electrical conductivity and a decrease in the strength. However, the influence of the softening processes on resistivity during EXW is tough to establish due to difficulties in the qualitative estimation of the heat transfer from the melt zones towards the severely deformed layers of the parent plates. Another issue is the crystallographic texture, which is known to influence resistivity. Large plastic deformations cause the formation of specific texture components. [61] Typically, the <111> components exhibit the lowest electrical resistivity for fcc metals and alloys. The effect of the <111> and <100> fiber-type texture formation on the electrical resistivity of copper wires has been discussed by Pavithra et al. [62] and Moisy [47] and they found no significant effect. On the other hand, Ueda et al. [60] showed that the electrical resistivity of cold-rolled cp-Ti is dependent on the formation of specific texture components. They reported that the resistivity along the c-axis of Ti was higher than that along other axes. However, to understand fully the texture effect on resistivity anisotropy, local texture measurements are required. 
V. CONCLUSIONS
In this study, sheets of Ti and Cu were bonded through EXW using a parallel plate arrangement. The clads were manufactured at stand-off distances between 1.5 and 9.0 mm and detonation velocities ranging from 2000 to 3000 m s À1 . Under these conditions, a ''good quality'' clad satisfying all mechanical requirements was achieved. All bonds obtained were metallurgical in nature, and they were stronger than the weaker parent material (Cu). The experimental results showed that increasing detonation velocities and stand-off distances increased the period and amplitude of the interface waves as well as the volume fraction of melt zones.
These changes were well-defined using coefficients such as RGP (''quantity'' of melt zones) and BLF (length of interfaces between melt zones and parent metals). However, the clad conductivity decreased significantly as the bonding parameters increased. A rapid decrease in electrical conductance of the clad is due to an increase of the interface area, the occurrence of new interfaces between melt zones and parent materials, formation of a network of the macro/micro-cracks within the large melt zones, and strain hardening near the interface layers.
SEM observations have shown that large melt zones form just behind the wave crest and inside the wave vortexes. Furthermore, TEM analysis confirmed that the flat parts of the interface contain a thin reaction layer of a few tens of nanometers. The present results prove that a proper EXW process always incorporates the melting of very thin surface layers. The presence of a thin layer of solidified melt confirms the crucial role of melting in the creation of a good quality bond.
SEM and TEM chemical composition measurements have shown that most of the phases which form within the melt zones do not appear in the equilibrium phase diagram. Only a small number of intermetallic phases such as CuTi 3 , Cu 3 Ti, and Cu 4 Ti 3 were uncovered using synchrotron radiation. It suggests that the central part of the areas inspected by EDS is a mixture of pure Ti and Cu. Finally, this study opens the possibility to fabricate Cu-Ti clads with optimized mechanical properties and well-controlled electrical resistivity.
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